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Abstract—Shielding effectiveness (SE) is an important 
measure of how well an enclosure reduces the electromagnetic 
(EM) field incident upon it. Commonly, when the shielding 
effectiveness of an enclosure is stated it is for the case when the 
enclosure is empty. Including contents such as printed circuit 
boards (PCBs) in the enclosure will affect the shielding 
effectiveness as the PCB absorbs EM energy. One technique of 
determining how much energy a PCB absorbs is to measure its 
absorption cross section (ACS) using a reverberation chamber 
(RC). The measured ACS can be used to predict the shielding 
effectiveness of an enclosure when the PCB is inside it using 
power balance techniques. In this paper the ACS of a number of 
PCBs are measured both individually and in closely stacked 
groups. This information is then used to show how the ACS can 
be used to calculate shielding effectiveness and the results are 
compared to direct measurement of the SE of the enclosure 
containing a PCB. Knowledge of the ACS of typical or particular 
PCBs could be used by engineers to estimate the real shielding 
effectiveness of an enclosure with contents, when designing 
electronic systems. 
Keywords—Absorption cross section, printed circuit boards, 
enclosure shielding, reverberation chamber 
I.  INTRODUCTION 
Shielding effectiveness measures an enclosures ability to 
reduce an electromagnetic (EM) field incident upon it. 
Commonly, the shielding effectiveness of an enclosure is given 
without including any contents, such as printed circuit boards 
(PCBs), in it. However, the contents in an enclosure will affect 
the shielding effectiveness as they will absorb some of the 
energy inside the enclosure [1]. This will reduce the internal 
EM field inside the enclosure thus increasing the shielding 
effectiveness. Average absorption cross section (ACS) is a 
measure of the energy absorbed by objects and was described 
by Carlberg [2]. This method has been previously used to 
measure the ACS of PCBs in a reverberation chamber (RC) 
[3]. Power balance techniques can be used to estimate the 
shielding effectiveness of a populated enclosure using the ACS 
of the objects [4].  
Section II presents the shielding effectiveness and ACS 
calculations and theory used in this paper and shows how to 
predict shielding effectiveness of a populated enclosure using  
 
ACS. Section III describes the enclosure and PCBs used for 
this work and Section IV details the ACS measurement of the 
PCBs. Section V describes the shielding effectiveness 
measurement of an enclosure with and without a PCB inside it 
and shows how much the PCB affects the shielding 
effectiveness. Section VI compares measuring the shielding 
effectiveness of an enclosure with a PCB inside it to predicting 
it using the ACS of a PCB. Section VII is the conclusion.  
II. SHIELDING EFFECTIVENESS AND ABSORPTION CROSS 
SECTION 
A. Shielding Effectiveness 
One definition of enclosure “shielding effectiveness” for 
measurements made in a reverberation chamber is the ratio of 
the average power density outside the enclosure, 〈𝑆𝑅𝐸𝐹〉, to the 
average power density inside the enclosure, 〈𝑆𝐸𝑁𝐶〉. It can most 
easily be determined by measuring the average power 
transmission between a transmitting antenna in the RC and 
both a reference antenna in the chamber outside the enclosure, 
〈|𝑆21,𝑅𝐸𝐹|
2
〉, and another antenna (identical to the reference 
antenna) located inside the enclosure, 〈|𝑆21,𝐸𝑁𝐶|
2
〉. The 
shielding effectiveness is then given by [7]: 
𝑆𝐸 =
〈𝑆𝑅𝐸𝐹〉
〈𝑆𝐸𝑁𝐶〉
=
〈|𝑆21,𝑅𝐸𝐹|
2
〉
〈|𝑆21,𝐸𝑁𝐶|
2
〉
                             (1) 
The scattering parameters are averaged over a number of stirrer 
positions and a range of frequencies to obtain an accurate 
average power density. Throughout this paper the brackets 
<…> indicate averaging over stirrer positions and over 
frequency. 
B. Absorption Cross Section 
Average ACS of an object as measured in a reverberation 
chamber, <σa>, is defined as the ratio of the average power 
absorbed to the average power density of the incident field [2] 
and is given as: 
〈𝜎𝑎〉 =
𝜆2
8𝜋
(
1
𝐺𝑤𝑜
−
1
𝐺𝑛𝑜
)                     (2) 
where λ is wavelength, Gwo is the mean net power transfer 
function with the object in the reverberation chamber and Gno  
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6U_PCB12 2U_PCB9 from the top and side 
showing how it is a two PCB stack 
Fig. 1. Photographs of one of each type of PCB (blurred to preserve design 
confidentiality). 
 
Fig. 2. Photograph of all four PCBs stacked together with the plastic 
backplane  (blurred to preserve design confidentiality). 
is the mean net power transfer function without the object in 
the chamber. The mean net power transfer function is given by 
𝐺 =
〈|𝑆21|
2〉
(1−|〈𝑆11〉|2)(1−|〈𝑆22〉|2)
           (3) 
where S21 is the transmission coefficient measured between two 
efficient antennas in the reverberation chamber and S11 and S22 
are the reflection coefficients of the two antennas. [5] and [6] 
present methods to calculate the measurement uncertainty of 
ACS measurements in a reverberation chamber. 
C. Prediction of Shielding Effectiveness using ACS 
Flintoft et al [3] have previously described how to use the 
shielding effectiveness of an empty enclosure and ACS of a 
PCB to predict the shielding effectiveness of the enclosure with 
the PCB inside and shown that: 
〈𝑆𝐸𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑒𝑑〉 = 〈𝑆𝐸𝑒𝑚𝑝𝑡𝑦〉 +
〈𝜎𝑃𝐶𝐵〉
〈𝜎𝑡〉
               (4) 
where <SE> is the shielding effectiveness of the populated or 
empty enclosure, calculated using (1), <σPCB> is the ACS of the 
PCB, calculated using (2), and <σt> is the total average 
transmission cross section of all the apertures allowing energy 
into the enclosure. A full explanation of the derivation of this  
TABLE I.  PCBS UNDER TEST 
PCB Name Dimensions Notes 
2U_PCB2, 2U_PCB5, 
2U_PCB6, 2U_PCB7, 
2U_PCB8 
283 mm × 145 mm High component 
density, low surface 
shielding amount 
2U_PCB3 283 mm × 145 mm High component 
density, high surface 
shielding amount 
2U_PCB9 283 mm × 75 mm Low component 
density, higher surface 
shielding, two PCB 
stack 
6U_PCB12 210 mm × 85 mm Low component 
density, lower surface 
shielding 
 
equation and how to calculate <σt> can be found in [3]. The 
high frequency geometric optics average transmission cross 
section is used, where <σt> is a quarter of the area of the 
aperture  [7]. 
III. ENCLOSURE AND PRINTED CIRCUIT BOARDS UNDER TEST 
A. Enclosure Under Test 
The enclosure used during these tests is shown in Fig. 4 
inside the reverberation chamber. It was constructed from brass 
and had dimensions of 0.6 m × 0.5 m × 0.3 m. The enclosure 
had a rectangular aperture of 140 mm × 40 mm place centrally 
on the front (0.6 m × 0.3 m) face and a bulkhead connector on 
its top side attached to a 20 mm high monopole antenna in the 
roof of the enclosure 180 mm from the front face and 220 mm 
from the right side. The transmission cross section, <σt>, of the 
140 mm × 40 mm aperture is 0.0014 m
2
 using the 
approximation stated in Section IIc. The aperture cut off is 
approximately 1GHz so this approximation is valid for the 
frequency range presented here. 
B. Printed Circuit Boards Under Test 
The ACS of a selection of PCBs has been measured. The 
PCBs were taken from an ICT cabinet and are listed, grouped 
by type, in Table 1. One of each type of PCB is shown in 
Fig. 1. The PCBs had a range of components on them including 
heat sinks, integrated circuits, passive components and 
connectors. After measuring the ACS of the individual PCBs a 
number of measurements were also made with the PCBs in 
various different stacked positions. The configurations used 
were: two stacked PCBs together; three stacked together; and 
four stacked together. A plastic backplane was used to hold the 
PCBs together as they would be when installed in their 
enclosure. The spacing between the PCBs was 20 mm. A photo 
of all four PCBs stacked together is shown in Fig. 2. 
IV. ABSORPTION CROSS SECTION MEASUREMENT OF PRINTED 
CIRCUIT BOARDS 
The ACS of the PCBs were measured using the set up 
shown in Fig. 3 and the methodology is the same which has 
been previously described in [2] and [3]. The measurement was 
made inside a reverberation chamber with dimensions 
0.6 m × 0.7 m × 0.8 m. A mechanical stirrer was used inside 
the chamber with 100 equally stepped positions and frequency 
stirring with a bandwidth of 50 MHz applied. A VNA was used 
to measure the S parameters between two monopole antennas  
 
 
Fig. 3. Diagram of the ACS measurement set up. 
from 2 GHz to 20 GHz using 10,001 measurement points and a 
sweep time of 4.5 seconds. A sheet of polystyrene was used to 
support the PCB under test in the working volume of the 
chamber. The ACS was calculated using (2) and (3) and 
requires two sets of measurements; one with the PCB in the 
chamber and a reference measurement without the PCB in the 
chamber. 
Fig. 4 shows the measured ACS of the individual PCBs. 
For most PCBs the ACS ranges from 10
-2
 m
2
 to 2×10
-2
 m
2
. 
6U_PCB12 is a much smaller PCB and so has a smaller ACS 
of between 3×10
-2
 m
2
 to below 4×10-4 m
2
. It also has a greater 
variation in ACS with frequency which could be due to its 
smaller size. The results show that the type of PCB, its 
components and dimensions greatly affect the ACS. The PCBs 
that have little shielding and those with a high component 
density have the highest ACSs. 2U_PCB3 has more shielding 
on its surface and has a slightly lower ACS than the other 
PCBs of the same size. The smallest PCBs have the lowest 
ACSs.     
The ACS of the stacked PCBs is shown in Fig. 5. As 
expected the greater the number of PCBs in the stack the 
greater the ACS. When four PCBs are stacked together the 
ACS is between 10
-2
 m
2
 and 2×10
-2
 m
2
 and this reduces to 
between 3×10
-3
 m
2
 and 1×10
-2
 m
2
 when two PCBs are stacked 
together.  
Fig. 6 shows the ACS of three individual PCBs, the ACS of 
these three PCBs summed together and the measured ACS of 
the three PCBs stacked together. There is a difference of 
approximately 5×10
-3
 m
2
 (a reduction of roughly 20 %) 
between the summed and measured cases. This shows a 
‘shadowing’ effect which reduces the expected ACS of stacked 
PCBs. The greater the number of stacked PCBs the more the 
ACS is reduced. For two PCBs 50% of its PCBs are shadowed 
for four PCBs stacked together it is 75%. These stacked results 
show that careful thought is needed when including the ACS of 
PCBs in a densely populated enclosure as ‘shadowing’ effects 
may also need to be included in any calculation.  
 
Fig. 4. Measured ACS of the individual PCBs under test. 
 
Fig. 5. Measured ACS of PCBs stacked in three different configurations.  
 
Fig. 6. Measured ACS of three stacked PCBs showing ACS of each 
individual PCB, the summation of these and the measured ACS of all PCBs 
when stacked together.   
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 Fig. 7. Shielding effectiveness measurement set up. 
 
Fig. 8. Photograph of the shielding effectiveness measurement showing the 
brass enclosure in the centre and the reverberation chamber stirrer in the 
background. 
V. SHIELDING EFFECTIVENESS OF AN ENCLOSURE 
The measurement of the shielding effectiveness for the 
brass enclosure described in Section III was carried out using 
the measurement set up shown in Fig. 7 and Fig. 8. The 
measurement was made in a reverberation chamber using a 
mechanical stirrer using 100 equally stepped positions over one 
rotation. Although no mechanical stirrer was used inside the 
enclosure under test, frequency stirring with a bandwidth of 
100 MHz was applied to the data. The scattering parameters 
between a horn antenna outside the enclosure (port 1) and a 
monopole antenna inside the enclosure, or a reference 
monopole outside the enclosure (port 2) were measured using a 
vector network analyser (VNA) from 2 GHz to 20 GHz using 
10,001 measurement points and a sweep time of 2.7 s. The 
shielding effectiveness was then calculated using (1). The 
measurement was carried out with and without the PCB inside 
the chamber. The PCB used was 2U_PCB5 as described in 
Table I and when measuring the shielding effectiveness with 
the PCB it was placed on a polystyrene block so that the board 
was component side up and centred horizontally in the 
enclosure. 
The shielding effectiveness of the enclosure measured with 
and without the PCB inside is shown in Fig. 9. It is clear that 
including the PCB in the enclosure increases the shielding 
effectiveness. This is less obvious below approximately 4 GHz. 
Above 4 GHz the empty enclosure has a shielding 
effectiveness of between 1 dB and 4 dB and the enclosure with 
the PCB in has a shielding effectiveness of between 5 dB and  
 
Fig. 9. Measured SE of the empty enclosure and the enclosure with a PCB in 
it and calculated shielding effectiveness using the ACS of the PCB. 
8 dB. The shielding effectiveness of the enclosure with and 
without the PCB shows a difference of over 4 dB in some 
places. In both cases there are similar features in the results. 
VI. SHIELDING EFFECTIVENESS INCLUDING PRINTED CIRCUIT 
BOARDS IN THE ENCLOSURE 
This section compares the measured shielding ratio of an 
enclosure containing a PCB to the shielding effectiveness 
computed from the empty enclosure measurement and the 
measured ACS of a PCB. For this work only one PCB (2U 
PCB5) was used.    
Fig. 9 shows the shielding effectiveness of the empty 
enclosure with no PCB inside, the measured shielding 
effectiveness with the PCB inside the enclosure and the 
predicted shielding effectiveness using the ACS of the PCB.  
The results show good agreement with the measured and 
calculated shielding effectiveness and the RMS error between 
the measured and predicted values is 0.77. Below 4 GHz the 
agreement is not as good as above this frequency. This is 
probably due to the limited number of modes inside the 
enclosure in this frequency range, compounded by the fact that 
there is no mode-stirring inside the enclosure. The Schroeder 
frequency of the enclosure, at which the mode bandwidth to 
mode spacing ratio is three, is about 4 GHz for the enclosure 
used and it is noted that this appears to correspond to the 
frequency at which the frequency stirring becomes effective at 
averaging out the mode structure. The results show that using 
the ACS of a PCB is a helpful method for estimating the 
shielding effectiveness of an enclosure with some contents. 
VII. CONCLUSIONS 
In this paper we have presented results showing how when 
PCBs are included in an enclosure the shielding effectiveness 
can be increased. The ACS of a number of different PCBs have 
been measured and then used to predict the shielding 
effectiveness of an enclosure with the PCB inside it. The 
predicted value of shielding effectiveness shows good 
agreement with the measured value. 
 Extensions to this work could include looking at predicting 
how other typical enclosure contents, such as cables, could 
affect the shielding effectiveness. Further investigation into 
how stacked PCBs in densely populated enclosures affect the 
shielding effectiveness would also be useful as well as how this 
changes with contents close to the reverberation chamber 
walls. The measured ACS of PCBs can be used to develop a set 
of representative contents which could be used during shielding 
measurements as described in [8]. Finally, the ACS of a set of 
PCBs could also be measured when they are powered on and 
active. 
This work has shown why it is important to include 
enclosure contents when measuring shielding effectiveness and 
compares predicting the shielding effectiveness using ACS and 
measuring the shielding effectiveness with the PCB inside the 
chamber. Using the ACS showed good agreement with the 
measured shielding effectiveness showing that this could be a 
useful method for engineers to get an improved estimate of 
shielding effectiveness when designing electronic systems.  
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